Granulocyte colony-stimulating factor (G-CSF) mediates "emergency" granulopoiesis during infection, a process that is mimicked by clinical G-CSF use, yet we understand little about the intracellular signaling cascades that control demand-driven neutrophil production. Using a murine model with conditional deletion of signal transducer and activator of transcription 3 (STAT3) in bone marrow, we investigated the cellular and molecular mechanisms of STAT3 function in the emergency granulopoiesis 
Introduction
Neutrophils serve a critical function in the innate immune system by maintaining a frontline defense against bacterial and fungal pathogens. However, precise control of circulating neutrophil amounts is important in preserving a balance between effective immunity versus immunosuppression or inflammation. For example, congenital or therapy-induced neutropenias render persons sensitive to life-threatening infections, whereas neutrophil overproduction or hyperactivation contributes to inflammation and, potentially, autoimmunity. 1, 2 To maintain appropriate neutrophil numbers, the process of granulopoiesis is tightly regulated. In steady state conditions, the bone marrow continuously produces granulocytes and stores a reserve of mature neutrophils, whereas circulating neutrophil numbers are maintained within a narrow range (3.5-4.5 ϫ 10 9 /L for humans and approximately 0.488 ϫ 10 9 /L for mice). 3 The neutrophil production pathway is responsive to environmental stresses such as infection, which stimulate a rapid increase in granulopoiesis, enhanced neutrophil migration from bone marrow, and a subsequent rise in peripheral neutrophils (eg, circulating neutrophils Ͼ 8 ϫ 10 9 /L in human infection). 4 Neutrophil development from hematopoietic stem cells (HSCs) is guided by granulocyte colony-stimulating factor (G-CSF), which activates a high-affinity type I cytokine receptor, G-CSF receptor (G-CSFR), expressed on HSCs, myeloid progenitor cells, granulocyte precursors, and mature neutrophils. 5 In homeostatic conditions, G-CSF-G-CSFR signals maintain mature neutrophil numbers in circulation by regulating the proliferation and differentiation of myeloid progenitors as well as survival of postmitotic bone marrow neutrophils. 6, 7 During infection, G-CSF serum levels can increase 10-to 20-fold, stimulating enhanced neutrophil production in the bone marrow and neutrophil mobilization to the peripheral blood. 8 This response, termed "emergency" or demanddriven granulopoiesis, is characterized by enhanced cell-cycle progression of granulocyte precursors and efflux of mature neutrophils from the bone marrow, relative to steady state conditions. 9 The signal transduction pathways that regulate emergency granulopoiesis are of significant interest because G-CSF is used therapeutically to increase circulating neutrophil counts; however, the underlying mechanisms directing G-CSF-responsive myeloid progenitor expansion are poorly understood.
Janus kinase and signal transducer and activator of transcription (STAT) pathway components are principal intermediates in the G-CSFR signaling cascade. STAT3 activation predominates; thus, attention has focused on its role in granulopoiesis in vivo. In steady state, STAT3 serves a negative regulatory function by suppressing peripheral neutrophilia. 10 This activity is attributed to STAT3-dependent regulation of suppressor of cytokine signaling-3 (SOCS3), a crucial feedback inhibitor of G-CSFR signaling. 10, 11 By contrast, during G-CSF-driven emergency granulopoiesis STAT3 is required to boost immature neutrophil numbers in bone marrow and to regulate acute neutrophil mobilization. 12, 13 Although we have shown that these functions are independent of SOCS3, 13 the underlying cellular and molecular mechanisms were not resolved. It is important to understand the full action of STAT3 in directing emergency granulopoiesis because this pathway is critical for effective responses to infection.
Transcription factors in the CCAAT-enhancer-binding protein (C/EBP) family, including C/EBP␣, C/EBP␤, and C/EBP⑀, regulate steady state granulopoiesis as well as demand-driven neutrophil production. 14, 15 In homeostatic conditions, C/EBP␣ is essential for transition from the common myeloid progenitor to the granulocyte-macrophage progenitor (GMP), 16 whereas terminal neutrophil differentiation critically depends on C/EBP⑀. 17 C/EBP␣ and C/EBP⑀ control genes that are necessary for myeloid progenitor growth and neutrophil function, including cytokine receptors, proteases, and granule proteins. [18] [19] [20] [21] In addition, C/EBP␣ restrains proliferation of developing granulocytes by inhibiting cell-cycle regulators such as c-Myc. 22 Conversely, C/EBP␤ is dispensable for steady state neutrophil production, yet it has a crucial role in emergency granulopoiesis in response to G-CSF administration or Candida albicans infection. 23 The discrete function of C/EBP␤ in demanddriven granulopoiesis is related to its ability to support sustained G-CSF-responsive proliferation, including prolonged c-Myc expression, compared with C/EBP␣. 22, 23 Previous studies have shown C/EBP␣ and C/EBP␤ as downstream targets of the Janus kinase-STAT3 signaling pathway in response to G-CSF or interleukin-6 (IL-6), respectively. 24, 25 Moreover, G-CSF stimulates Cebpb mRNA in GMPs, suggesting G-CSF-dependent signaling pathways control inducible Cebpb transcription. 23 Aspects of the phenotype of bone marrow conditional STAT3 knockout mice resemble C/EBP␤ deficiency, eg, impaired emergency granulopoiesis. 13, 23 These data suggested to us that STAT3 might regulate G-CSF-driven granulopoiesis by its induction of C/EBP␤. To examine this and to explore mechanisms by which STAT3 regulates emergency granulopoiesis, we used mice with conditional STAT3 deletion in hematopoietic cells. Our results show that STAT3 promotes G-CSF-responsive proliferation of immature granulocytes by stimulating G 1 -S phase transition and enhances terminal granulocyte maturation. The growth-stimulatory function of G-CSF-STAT3 signaling is also observed in pluripotent lin Ϫ Sca-1 ϩ c-kit ϩ (LSK) bone marrow progenitors, which amplify in a STAT3-dependent manner during G-CSF administration in vivo. STAT3 directly controls G-CSF-responsive induction of C/EPB␤ expression in myeloid progenitor cells. Furthermore, STAT3 regulates G-CSF-dependent c-myc transcription by direct promoter binding, and by facilitating interaction of C/EBP␤ and displacement of C/EBP␣ at proximal promoter elements. These results place STAT3 as an essential mediator of G-CSF-driven granulopoiesis through its control of growth-enhancing transcription factors in developing granulocytes.
Methods

Mouse strains
Hematopoietic STAT3-deficient mice (Tg(Tek-cre)12Flv, Stat3 f/⌬ ) were obtained by breeding Tg(Tek-cre)12Flv transgenic mice 26 and Stat3 wt/f mice, 27 as described. 13 Wild-type littermates containing 2 intact Stat3 alleles were used as controls. 13 Animals were housed in a specific pathogen-free barrier facility. Experimental procedures were approved by the Institutional Animal Care and Use Committee at the University of Texas M. D. Anderson Cancer Center (MDACC).
Plasmids
Murine C/EBP␤ cDNA was generously provided by Dr Jessica Schwartz (University of Michigan) and was used to generate pRV-C/EBP␤. pRV-C/ EBP␣ was kindly provided by Dr Chen Dong (MDACC). The Cebpb and c-myc promoter fragments encompassing respective STATx sites were amplified with AccuPrime Pfx DNA Polymerase (Invitrogen) and cloned into pGL3-Basic (Promega). Murine STAT3 or a DNA binding mutant 28 (STAT3-DN) in the pMX-IRES-GFP vector were used. Plasmid inserts were verified by DNA sequencing.
G-CSF administration in vivo, bone marrow collection, and immunoblotting
Mice were injected subcutaneously with 250 g/kg recombinant human G-CSF (Amgen) in phosphate-buffered saline (PBS) containing 1% endotoxin-free bovine serum albumin (BSA) as described. 13 Control mice received an equivalent volume of 1% BSA/PBS. Bone marrow cells were obtained as described. 13 Whole cell lysates were subjected to immunoblotting with antibodies for pSTAT3 (Cell Signaling Technology), STAT3 (C-20), or C/EBP␤ (H-7; Santa Cruz Biotechnology) as described. 13, 23 
Infection with Listeria monocytogenes
Experiments were performed with L monocytogenes strain 1043S, generously provided by Drs Chen Dong (MDACC) and Hao Shen (University of Pennsylvania). L monocytogenes was grown to an optical density of 0.1 at 600 nm in brain heart infusion broth. Bacteria were suspended in sterile PBS at 1 ϫ 10 5 cells/mL; 200 L was injected intravenously as described. 29 Animals were killed 12 to 24 hours after infection.
Antibody staining, flow cytometry, and fluorescence-activated cell sorting
Bone marrow cells were stained with fluorescently labeled antibodies as described 13 and analyzed on an LSRII machine (BD Bioscience). Immature (Gr-1 lo ) and mature (Gr-1 hi ) granulocytes were purified from bone marrow with the use of a FACSAria (BD Biosciences). 13 LSKs and GMPs were analyzed as described. 30 Briefly, lin Ϫ bone marrow progenitors were stained with biotinylated rat anti-mouse CD3 (CT-CD3), CD11b (M1/70), Gr-1 (RB6-8C5), CD45R/B220 (RA36B2), and Ter119 and negatively selected with anti-rat microbeads (Miltenyi Biotec). The selected population was then stained with fluorescein isothiocyanate-CD34 ϩ (RAM34), phycoerythrin-Fc␥RII/III (2.4G2), peridin chlorophyll proteincyanine 5.5-Sca-1 (E13-161.7), allophycocyanin cyanine 7-c-kit (2B8), and pacific blue-IL-7 receptor (A7R34; eBioscience) to label hematopoietic progenitors, and streptavidin-allophycocyanin to label lin ϩ cells. LSKs and GMPs (lin Ϫ Sca-1 Ϫ c-kit ϩ CD34 ϩ Fc␥RII/III ϩ cells) were analyzed on an LSRII machine or isolated by fluorescence-activated cell sorting.
5,6-Carboxyfluorescein diacetate, succinimidyl ester dilution experiments, cell-cycle analysis
Purified immature granulocytes and GMPs were labeled with 2.5mM 5,6-carboxyfluorescein diacetate, succinimidyl ester (CFSE; Molecular Probes) in RPMI 1640, cultured 3 days in RPMI/fetal calf serum containing 2.5 ng/mL G-CSF and analyzed by flow cytometry. For cell-cycle analysis, purified immature granulocytes were stimulated with G-CSF, fixed with 70% ethanol at Ϫ20°C overnight, and stained with propidium iodide (20 g/mL; Sigma-Aldrich) in 1% RNase buffer (Sigma) for 30 minutes at room temperature. Flow cytometry and analysis by ModFit LT v3.0 (BD Biosciences) were used to determine the proportion of cells in S phase.
RNA isolation and quantitative polymerase chain reaction
Total RNA was extracted by Trizol and reverse-transcribed with iScript (Bio-Rad). Quantitative polymerase chain reaction (PCR) was performed with SYBR Green PCR Mix (Bio-Rad) and a sequence detector (Bio-Rad 5000). Primer sequences are available on request. Threshold cycle values were normalized to 18s RNA; relative mRNA abundance was determined by the equation 1.8 (18sRNA Ϫ GENE) ϫ 10 000 000. 31 Retroviral transduction, electrophoretic mobility shift assays, chromatin immunoprecipitations, and reporter gene assays
The murine myeloblast cell line 32D was cultured as described. 28 To generate G-CSFR-expressing cells (32D.G-CSFR), 32D cells were infected with retrovirus generated from the bicistronic vector pMX-G-CSFR-GFP; GFP ϩ cells were isolated by fluorescence-activated cell sorting at 48 hours after infection. Chromatin immunoprecipitations (ChIPs) were performed with antibodies to STAT3 (c-20 and H119), C/EBP␤ (H7), or C/EBP␣ (14AA; Santa Cruz Biotechnology) with the use of a ChIP assay kit and the manufacturer's instructions (Millipore). Nuclear extracts were used in electrophoretic mobility shift assays (EMSAs) with 32 P-labeled oligonucleotides corresponding to STATx binding sites in the Cebpb or c-myc promoter regions (Cebpb distal element, 5Ј-CAGAGGCTGCTGGGAAG-GCCA-3Ј; Cebpb proximal element, 5Ј-GTGGAGGGCTGGGATCCAGG-3Ј; c-myc, 5Ј-GCATCTTCCCAGAACCTGGA-3Ј). Competitor oligonucleotides or STAT3 antibodies were included as indicated in the figure legends. For reporter assays, 32D.G-CSFR cells were electroporated with the Cell Line Nucleofector Kit V (Lonza) and the Nucleofector Device (Lonza), with indicated plasmids (see figure legends). Cells were cultured in IL-3-containing medium for 24 hours and treated with or without 25 ng/mL G-CSF for 2 hours; luciferase activity was measured as described. 32 C/EBP␤ short hairpin RNA lentiviral vector production C/EBP␤ short hairpin RNA (shRNA) lentiviral constructs were purchased from Sigma. 293T cells were transfected with packaging plasmids and lentiviral constructs (Sigma), and viral supernatants were collected after 48 hours. Purified immature granulocytes were infected and analyzed as indicated in Figure 4 .
Statistical analysis
Data are presented as mean Ϯ SEM. The statistical significance between groups was calculated by a 2-tailed t test with the use of GraphPad Prism 4 software (www.graphpad.com).
Results
STAT3 controls G-CSF-responsive cell-cycle progression in immature granulocytes
We previously showed that STAT3 is necessary for the accumulation of immature Gr-1 lo granulocytes in the bone marrow during G-CSF administration. 13 These data could be explained by ineffective G-CSF-responsive proliferation or an enhanced rate of differentiation; thus, the underlying cellular response remained unclear.
To assess STAT3 function in G-CSF-dependent growth, immature granulocytes were used in CFSE dilution experiments ex vivo. Gr-1 lo or Gr-1 hi expression has been used to distinguish immature and mature granulocytes in the marrow, respectively. 13, 33 We confirmed that greater than 80% of bone marrow Gr-1 lo cells from wild-type or STAT3-deficient mice show a granulocyte precursor phenotype (ie, Gr-1 lo CD11b ϩ CD115 Ϫ ) and immature morphology. 13, 32 Most STAT3-deficient immature granulocytes showed suppressed G-CSF-responsive growth relative to wild-type cells, as judged by CFSE dilution ( Figure 1A ). To independently assess proliferation, we examined cell-cycle distribution during a time course of G-CSF treatment ex vivo. Wild-type immature granulocytes entered S phase semisynchronously 2 to 4 hours after G-CSF addition, subsequently exited S phase, and accumulated in G 0 /G 1 by 12 to 24 hours ( Figure 1B ; data not shown). By contrast, STAT3-deficient immature granulocytes showed a suppressed response to G-CSF ( Figure 1B ). These results indicate that STAT3 has a cell autonomous role in controlling G-CSF-dependent proliferation.
To investigate the molecular basis of this proliferative defect, we examined the expression of candidate cell-cycle regulators in wild-type and STAT3-deficient immature granulocytes in vivo, after administering G-CSF or control BSA-containing buffer. These experiments showed G-CSF stimulated Ccnd3, Cdk4, and Cdc25, which control G 1 /S-phase transition, 34, 35 in wild-type immature granulocytes but had little or no effect on STAT3-deficient cells ( Figure 1C ). STAT3-dependent induction of these genes in vivo coincided with the peak time point of S-phase accumulation observed in wild-type granulocytes stimulated with G-CSF ex vivo.
To assess the kinetics of immature granulocyte maturation, we analyzed the expression of neutrophil differentiation markers, including Csf3r, Mpo, and Pr3, in G-CSF culture conditions that promote terminal neutrophil development. 13 Freshly isolated immature granulocytes from both genotypes did not show appreciable differences in marker protein expression ( Figure 1D ), as reported previously. 13 By contrast, we found disparate regulation in wildtype and STAT3-deficient granulocytes on G-CSF-induced maturation. In wild-type granulocytes, G-CSF stimulated Csf3r and suppressed Mpo and Pr3 expression by 2 days, similar to their regulation during human granulopoiesis. 36 In comparison, STAT3-deficient granulocytes failed to induce Csf3r or suppress Mpo and Pr3 as efficiently as wild-type cells by 2 days of G-CSF treatment. By 4 days, Mpo expression appeared similar in granulocytes from both genotypes, whereas Csf3r was induced in STAT3-deficient neutrophils, although at lower levels relative to wild-type cells. Pr3 expression was unchanged in STAT3-deficient cells yet declined significantly in wild-type cells by 4 days ( Figure 1D ). These results indicate STAT3-deficient granulocytes have delayed maturation, consistent with their aberrant G-CSF responsiveness.
STAT3 controls G-CSF-driven expansion of hematopoietic progenitor cells in bone marrow
The impaired response of STAT3-deficient immature granulocytes to G-CSF suggested myeloid progenitor cells might require STAT3 for G-CSF-dependent proliferation in vivo. We found that the frequency and absolute number of LSKs and GMPs increased approximately 2-fold in G-CSF-treated wild-type mice by 24 hours (Figure 2A-C) . By contrast, STAT3-deficient mice failed to induce LSK and GMP amounts on G-CSF treatment (Figure 2A-C) . In resting conditions, LSK and GMP proportions were increased slightly in STAT3-deficient mice relative to wild-type animals, although absolute numbers were similar in both genotypes ( Figure  2A-C) . CFSE dilution experiments showed that purified STAT3-deficient GMPs have suppressed G-CSF-responsive growth ex vivo, compared with wild-type GMPs ( Figure 2D ). Thus, our results suggest that STAT3 regulates G-CSF-dependent expansion of the LSK and GMP subsets in the bone marrow by enhancing progenitor proliferation.
Expansion of hematopoietic progenitor subsets during L monocytogenes infection requires STAT3
To determine whether STAT3 participates in the host response to bacterial infection we used L monocytogenes, which is controlled by G-CSF signaling in vivo. 8 STAT3 was activated by L monocytogenes infection, as judged by inducible STAT3 tyrosine phosphorylation in immature Gr-1 lo and mature Gr-1 hi granulocytes from infected mice versus uninfected controls ( Figure 3A) . L monocytogenes infection induced the frequency and absolute number of LSKs 1.5-to 2.0-fold in wild-type mice by 12 hours and 24 hours after infection, whereas no increase was observed in LSKs in STAT3-deficient mice (Figure 3B-D; data not shown). Lin Ϫ progenitors were present at similar proportions in the peripheral blood of wild-type and STAT3-deficient mice at 24 hours after infection (data not shown), indicating that differences in progenitor mobilization did not contribute to impaired LSK induction in the bone marrow of L monocytogenes-infected STAT3-deficient mice. These data collectively suggest that STAT3 mediates accumulation of LSKs during early phases of infection, which may contribute to the diminished response of STAT3-deficient mice to L monocytogenes. 32
STAT3 directly controls C/EBP␤ expression during emergency granulopoiesis
C/EBP␤ is required for emergency granulopoiesis; moreover, Cebpb mRNA levels are selectively up-regulated in GMPs in 23 These results suggested Cebpb as a target gene of the G-CSF-STAT3 signaling cascade during emergency granulopoiesis. We examined C/EBP␤ protein and mRNA expression in wild-type and STAT3-deficient granulocytes in response to G-CSF treatment or L monocytogenes infection. G-CSF administration in vivo stimulated C/EBP␤ expression in wild-type bone marrow granulocytes within 6 hours, yet it did not induce C/EBP␤ amounts appreciably in STAT3-deficient cells ( Figure 4A ). L monocytogenes infection also up-regulated C/EBP␤ in wild-type granulocytes but not in STAT3-deficient cells ( Figure  4B ). Furthermore, we found that STAT3 was required for the rapid induction of Cebpb mRNA in immature granulocytes after G-CSF stimulation ex vivo or G-CSF administration in vivo ( Figure 4C ; data not shown). These data collectively show that STAT3 has a cell autonomous function in controlling inducible Cebpb expression in neutrophil precursors during G-CSF-or L monocytogenes-driven granulopoiesis.
STAT3 FUNCTION IN MYELOID PROGENITORS
The rapid induction of Cebpb mRNA ( Figure 4C ) indicated the potential for Cebpb to be a direct STAT3 target gene. The murine Cebpb promoter lacks a classical STAT consensus site within its proximal 10 kilobase region as judged by nucleotide-sequence analysis (data not shown); however, we found 2 atypical IL-6 response elements II (IL-6 RE II), CTGGGA ( Figure 4D ), which serve as STAT3 interaction sites in the fibrinogen promoter. 37 EMSAs showed G-CSF-stimulated STAT3 binding to the distal IL-6 RE II (Ϫ1180 base pair) but not the proximal element (Ϫ520 base pair) in the Cebpb promoter ( Figure 4E ; data not shown). Mutation of the distal IL-6 RE II abrogated G-CSFresponsive STAT3 interaction, whereas binding to the intact distal IL-6 RE II was competed with excess unlabeled oligonucleotide or an oligonucleotide containing the STAT3 binding site from the Socs3 promoter ( Figure 4E ). STAT3 antibody supershifts confirmed G-CSF-responsive STAT3 binding to the distal IL-6 RE II ( Figure 4E ). Reporter gene assays indicated G-CSF-responsive transcription from the proximal Cebpb promoter required functional STAT3, as judged by attenuated reporter activity in the presence of a STAT3 DNA binding mutant ( Figure 4F) . ChIP experiments detected G-CSF-responsive STAT3 accumulation at the region encompassing the distal IL-6 RE II in vivo ( Figure 4G ). These data indicate that STAT3 directly stimulates Cebpb transcription in response to G-CSF by interaction with the distal IL-6 RE II in the Cebpb promoter.
To examine whether C/EBP␤ was required for G-CSF-driven proliferation of immature granulocytes, we used shRNA-mediated C/EBP␤ depletion. Efficient C/EBP␤ knockdown correlated with impaired G-CSF-responsive growth of immature granulocytes, whereas shRNA targeting that failed to suppress C/EBP␤ did not affect G-CSF-driven proliferation ( Figure 4H ). These data support a fundamental role for C/EBP␤ in G-CSF-responsive myeloid progenitor proliferation, 23 and thus suggest that STAT3-mediated transcriptional control of C/EBP␤ is important for G-CSF-driven granulopoiesis. (Figure 4) , we hypothesized that c-Myc may be controlled by a G-CSF-STAT3-C/EBP␤ signaling cascade in myeloid progenitors. Consistent with this, we found that G-CSF stimulated c-myc mRNA expression in vivo in wild-type LSKs, GMPs, and immature granulocytes, whereas STAT3-deficient hematopoietic progenitors and immature granulocytes were impaired in their ability to up-regulate c-myc in response to G-CSF ( Figure 5A ). Similarly, L monocytogenes infection stimulated c-myc expression in wild-type hematopoietic progenitors but failed to induce c-myc in STAT3-deficient cells ( Figure 5B) .
Using 32D.G-CSFR cells, we found rapid induction of c-myc mRNA on G-CSF stimulation ( Figure 5C ), suggesting c-myc might be directly regulated by STAT3. Analysis of the c-myc promoter identified a conserved STATx consensus sequence TTCxxxGAA 39 approximately 2 kilobase upstream of the transcriptional start site ( Figure 6A-B) . EMSAs showed that STAT3 bound this consensus sequence in response to G-CSF stimulation ( Figure 5D ). STAT3 binding was competed with an excess of unlabeled oligonucleotide and was not observed with an oligonucleotide containing a mutated STATx element ( Figure 5D) . Supershift experiments confirmed G-CSF-responsive STAT3 binding to the STATx site in the c-myc promoter, as well as the positive control Socs3 promoter STATx element ( Figure 5D ). ChIP experiments showed that STAT3 bound the c-myc promoter in vivo in proximity to the STATx element on G-CSF stimulation ( Figure 5E ). Reporter gene assays indicted STAT3 regulated G-CSF-responsive c-myc transcription, as judged by Figure 4E . ChIPs were performed with STAT3 antibodies (STAT3) or an irrelevant IgG (Ig), as indicated, followed by PCR with primers specific for the murine c-myc promoter. Control PCR reactions were performed on total lysate (input). Data are representative of 3 independent experiments. Figure 6E) . Thus, collectively, our results indicate that STAT3 directly regulates c-myc, in addition to Cebpb, in myeloid progenitor cells in response to G-CSF stimulation.
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G-CSF signaling by STAT3 controls c-myc transcription by regulating the ratio of C/EBP␣ to C/EBP␤ at the c-myc promoter
C/EBP␤ and C/EBP␣ have been previously reported to have opposing effects on c-myc regulation, maintaining or suppressing c-myc expression, respectively. 22, 23 These results suggested STAT3-dependent induction of C/EBP␤ might contribute to c-myc regulation in granulocytes. Sequence analysis of the c-myc promoter showed conserved C/EBP␤ and C/EBP␣ consensus sites in proximity to the STAT3 binding site (Figure 6A-B) . To determine whether G-CSF regulates C/EBP␣ or C/EBP␤ binding to the c-myc promoter and to assess the function of STAT3, we analyzed in vivo interactions with the use of ChIP assays with wild-type or STAT3-deficient bone marrow cells. These experiments showed that STAT3, C/EBP␣, and C/EBP␤ were rapidly recruited to the c-myc promoter in wild-type cells by 1 hour of G-CSF treatment. STAT3 and C/EBP␤ further accumulated by 6 hours, whereas C/EBP␣ was largely disassociated by this time ( Figure 6C ). ChIP assays with 32D.G-CSFR cells showed a similar pattern of sustained STAT3 and C/EBP␤ recruitment and transient C/EBP␣ binding at the c-myc promoter on G-CSF stimulation (data not shown). By contrast, G-CSF-responsive C/EBP␤ recruitment to the c-myc promoter was suppressed considerably in STAT3-deficient cells, consistent with their inability to induce C/EBP␤ ( Figure 6C and Figure 4A,C) . Moreover, C/EBP␣ association was prolonged in G-CSF-stimulated STAT3-deficient cells, whereas STAT3 recruitment was abrogated as expected ( Figure 6C ). C/EBP␣ protein amounts were similar in wild-type and STAT3-deficient cells ( Figure 6D ), indicating that C/EBP␣ stability was not regulated by G-CSF. Thus, the data suggest that STAT3 activation and induction of C/EBP␤ leads to C/EBP␣ dissociation from the c-myc promoter.
To test whether C/EBP␤ and C/EBP␣ differentially regulate G-CSF-dependent transcription from the proximal c-myc promoter, we used reporter gene assays. These experiments showed that overexpression of C/EBP␣ relative to C/EBP␤ (9:1 ratio) abrogated G-CSF-dependent c-myc reporter activity ( Figure 6E ), confirming the suppressive action of C/EBP␣. 22 By contrast, overexpression of C/EBP␤ versus C/EBP␣ (9:1 ratio) enabled G-CSF-responsive c-myc promoter activity, indicating C/EBP␤ can override the inhibitory function of C/EBP␣. These results suggest a model in which C/EBP␣ and C/EBP␤ have opposing inhibitory or stimulatory effects, respectively, on c-myc proximal promoter activity. Our data therefore suggest that c-myc transcription is activated on G-CSF stimulation by direct STAT3 interaction with the c-myc proximal promoter and by STAT3-dependent induction of C/EBP␤; induction of C/EBP␤ or recruitment of STAT3 or both STAT3 and C/EBP␤ is required to stimulate dissociation of the repressive factor C/EBP␣ from the c-myc proximal promoter. This mechanism may contribute to enhanced myeloid progenitor proliferation during emergency granulopoiesis.
Discussion
The appropriate control of granulopoiesis is crucial for maintaining a functional innate immune response. G-CSF signals are necessary for basal and emergency granulopoiesis, 6, 8, 40 although little has been known about the intracellular signaling pathways downstream of the G-CSFR that control neutrophil production in vivo. We clarify the role of STAT3 in emergency granulopoiesis by demonstrating its function in myeloid progenitor proliferation and by revealing a unique signaling pathway, by C/EBP␤ and c-Myc, used in demand-driven conditions. Moreover, we identify a novel mechanism of c-Myc regulation through STAT3-dependent control of the ratio of C/EBP␣ to C/EBP␤ at the c-myc promoter.
The neutrophilia of STAT3-deficient mice in homeostatic conditions, attributed to STAT3-dependent control of SOCS3, initially implicated STAT3 as a negative regulator of granulopoiesis. 10 However, the amount of circulating neutrophils is the net result of production from myeloid progenitors, survival of developing and mature neutrophils, and neutrophil lifetime in the circulation. Our results show that STAT3 has a more complex role in granulopoiesis than previously recognized, with an obligate function in regulating granulocyte progenitor proliferation during emergency granulopoiesis. By contrast, basal neutrophilia in STAT3-deficient mice is not likely to result from increased progenitor numbers. We found that LSK and GMP numbers are similar in wild-type and STAT3-deficient mice under homeostatic conditions. Similarly, Lee et al 10 reported that STAT3-deficiency did not affect resting granulocyte precursor amounts. Moreover, additional factors beyond the negative STAT3-SOCS3 feedback loop may contribute to basal neutrophilia in STAT3-deficient mice. STAT3 has a fundamental role in controlling neutrophil mobilization and chemotaxis, which appears to affect the ability of neutrophils to marginate or enter peripheral tissues. 13, 32 Defects in neutrophil migratory capabilities thus may contribute to neutrophil accumulation in the blood of STAT3-deficient animals. Therefore, the results to date show multiple roles for STAT3 affecting different stages of granulopoiesis, including a cell autonomous role in G-CSF-responsive progenitor proliferation, control of neutrophil migration, 13, 32 and regulation of the negative feedback inhibitor SOCS3. 10 STAT3-dependent induction of LSKs during G-CSF-or L monocytogenes-driven granulopoiesis suggests the potential for STAT3 to control HSC proliferation in response to environmental stimuli, 41 which may contribute to the enhanced production of myeloid cells during G-CSF therapy or infection. 8 STAT3-deficient mice fail to accumulate immature granulocytes during G-CSF treatment, 13 supporting the idea that STAT3-dependent regulation of progenitor growth responses is necessary for G-CSF-driven production of nascent granulocytes. Conversely, we considered whether HSCs and progenitor cell exhaustion because of excessive or sustained proliferation could underlie impaired emergency granulopoiesis in STAT3-deficient mice. We think this is unlikely because growth-promoting genes (eg, c-myc, Ccnd3, Cdk4, Cdc25a) are not constitutively active in STAT3-deficient hematopoietic progenitors and, alternatively, show dependence on STAT3 for G-CSF-responsive expression. In addition, we ruled out a role for suppressed G-CSFR expression in the refractory response of STAT3-deficient mice because myeloid progenitors show similar amounts of Csf3r mRNA and G-CSF-dependent STAT5 activation under resting conditions (data not shown). Moreover, SOCS3-deficient myeloid progenitors have increased STAT3 activation and undergo an extra round of cell division on G-CSF stimulation. 42 These results provide additional evidence for STAT3-dependent growth-promoting signals in myelopoiesis and furthermore indicate that loss of the negative regulator SOCS3 is accompanied by STAT3 overactivation. Thus, the neutrophilia of SOCS3-deficient mice 11 could result in part from excessive STAT3 growthpromoting signals. In terms of STAT3 function, it will be important to determine whether STAT3 is critical for G-CSF-mediated HSC self-renewal or exit from dormancy or both, which are poorly understood processes. This can be addressed by analysis of STAT3 function and STAT3 target gene activation in the HSC compartment in vivo.
Because C/EBP␤ is an essential regulator of neutrophil production under demand conditions 23 and both G-CSF and L monocytogenes infection require STAT3 to stimulate C/EBP␤ expression, we propose that STAT3-dependent C/EBP␤ induction may be a common response pathway used to induce myeloid output in stress conditions. Consistent with this, we found that suppression of C/EBP␤ inhibited G-CSF-dependent proliferation of immature granulocytes. However, the mechanism of inducible Cebpb regulation by myeloid cytokines has been unclear. We demonstrated that STAT3 mediates G-CSF-responsive Cebpb induction in myeloid progenitor cells by interacting with the Cebpb proximal promoter. STAT3 associates with an atypical sequence, in agreement with studies that have shown plasticity in STAT3 interaction sites in vivo. 43 Thus, our results suggest a direct molecular pathway initiated by extracellular G-CSF and executed by STAT3 to induce Cebpb transcription during emergency granulopoiesis.
One consequence of C/EBP␤ up-regulation in myeloid cells is sustained c-myc expression, as indicated by C/EBP␤ overexpression in K562 cells. 23 By contrast, the related transcription factor C/EBP␣ abrogates c-myc transcription, has antiproliferative function and induces granulocyte differentiation. 22, 44 C/EBP␣ was shown to block c-myc transcription indirectly by inhibiting E2F function. 22 We found C/EBP␣ was recruited to the endogenous c-myc proximal promoter. Moreover, C/EBP␣ overexpression abrogated G-CSF-and STAT3-responsive c-myc transcription from the c-myc proximal promoter. Thus, our results indicate C/EBP␣ inhibits c-myc transcription by a direct mechanism in addition to indirect regulation by E2F.
G-CSF stimulates STAT3 and C/EBP␤ binding to the c-myc proximal promoter, while concomitantly shortening the duration of C/EBP␣ interaction. These results suggest that the G-CSF-STAT3-C/EBP␤ signaling cascade attenuates the suppressive effect of C/EBP␣ on c-myc transcription, allowing for sustained c-myc expression during emergency granulopoiesis. Gene reporter assays confirmed opposing effects of C/EBP␤ and C/EBP␣ on proximal c-myc promoter activity, with C/EBP␤ overexpression overriding C/EBP␣-mediated suppression to drive G-CSF-responsive c-myc transcription. Collectively, our results suggest STAT3 sustains c-myc transcription and thus myeloid progenitor cell-cycle progression by direct binding to the c-myc promoter, as well as attenuating C/EBP␣ and enhancing C/EBP␤ interaction at c-myc promoter elements through control of C/EBP␤ protein levels.
Regulation of the ratio of C/EBP␣ to C/EBP␤ may control the timing of expression of neutrophil differentiation genes, such as the C/EBP␣ targets Csf3r and Pr3, 22, 45 which showed aberrant expression in STAT3-deficient immature granulocytes. Thus, proliferation and differentiation control mechanisms may not be distinctly separable or mutually exclusive. Rather, myeloid progenitor proliferative capacity and maturation status may be on a continuum, resulting from gradual changes in gene expression because of cell intrinsic events or microenvironmental cues or both. It is necessary to gain further insight into mechanisms controlling C/EBP␣ and C/EBP␤, as well as other myeloid transcriptional regulators, to understand the molecular control of granulopoiesis. G-CSF was recently shown to have instructive function on isolated primary hematopoietic progenitors, 46 suggesting a potential for G-CSFdependent signals such as STAT3 in granulocytic lineage specification. However, it remains unclear whether G-CSF instructive function is accompanied by induction of C/EBP␣, C/EBP␤, or other myeloid transcriptional regulators. Furthermore, it is well established that granulopoiesis in vivo can be supported by G-CSF-independent pathways 6, 40 ; similarly, neutrophil development is STAT3 independent under steady state conditions, 10, 13 indicating that redundant pathways exist. The identity of granulopoiesis-inducing or -sustaining signals and their role in regulating critical myeloid transcription factors requires further investigation and may best be served by unbiased approaches involving genetic screens. 47 For personal use only. on March 31, 2017 . by guest www.bloodjournal.org From In summary, our data indicate that STAT3 has a distinct role in G-CSF-or infection-driven granulopoiesis by activating the expression of the C/EBP␤ and c-Myc transcriptional regulators and by promoting hematopoietic progenitor growth responses in vivo. Numerous studies have illustrated the critical role of STAT3 in immune regulation. The importance of STAT3 is further underscored by the identification of dominant-negative mutations in the human STAT3 gene in patients with hyperimmunoglobulin E syndrome (HIES), a primary immunodeficiency characterized by recurrent skin abscesses and lung infections. 49 Innate immune responses of patients with HIES such as emergency granulopoiesis or neutrophil function have not been investigated extensively, to our knowledge. Deciphering the function of STAT3 during emergency granulopoiesis may lead to greater understanding of host defense mechanisms in patients with HIES, as well as persons with severe congenital neutropenia undergoing G-CSF therapy.
